A seismic reflection survey using both explosives and vibrators was conducted in June 2001 around the Nagamachi-Rifu fault, northeastern Japan. We carried out observations of four small aperture seismic arrays in the area to reveal detailed structures of the fault. Array analysis was applied to waveform data from 15 explosives to obtain P-wave scatterer distributions in the area. The obtained P-wave scatterer distribution correlates in space with microearthquake activities and heterogeneous structures such as S-wave reflectors, a structure of caldera, and Mohorovicic discontinuity. We could also image that a sub-horizontal layer with a length of about 10 km exists in the deep extension of the Nagamachi-Rifu fault beneath the seismogenic layer.
Introduction
It is hypothesized that there exist deep extensions of active faults beneath seismogenic zones and aseismic slip on the extensions control the generation of inland large earthquakes (Iio, 1996) . This leads to that it is important to explore deep structures and geometries of active faults. In general, the geometry of faults can be inferred from hypocenters of aftershocks. However, seismic activities at most of active faults in Japan are very low, so that we cannot reveal the geometry until an occurrence of a large earthquake. One possible approach to image fault geometries is a reflection survey by using artificial sources such as explosive or vibrator. It has been understood that imaging deep crustal structures under the Japanese islands is difficult due to strong attenuation of seismic waves. Recently, Sato and Hirata (1998) and Yokokura et al. (2000) indicated possibilities to estimate deep structures of active faults in Japan if a reflection survey is conducted with sufficient specifications.
There are a lot of reports that seismic bright spots beneath seismogenic zones were observed as reflection phases (e.g., Makovsky and Klemperer, 1999; Matsumoto and Hasegawa, 1996; Sanford et al., 1973) . Since these reflection phases have anomalously high amplitudes, the bright spots are believed to be a layer filled with fluids such as melt bodies or water. The existence of fluids beneath seismogenic zones may affect the long-term structural and compositional evolution of fault zones, and change the fault strength (e.g., Hickman et al., 1995) . These influences may enhance stress concentration in the seismogenic zone leading to mechanical failure. Therefore we also need to investigate inhomogeneous structures under seismogenic zones in order to better Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
understand how an earthquake occurs.
Nagamachi-Rifu fault, the B class active reverse fault, is running through the center of Sendai City, Japan (Fig. 1) . The length of the fault is estimated about 20 km (Research Group for Active Faults of Japan, 1991). Although the surface trace of the fault can be seen, the geometry of the fault at depths is not known. An earthquake with a magnitude of 5.0 occurred at a depth of 12 km on 15 September 1998. Epicenter of the event was located about 10 km to the northwest of the Nagamachi-Rifu fault. Focal mechanism of the main shock and aftershock distribution indicate that the event is a reverse fault-type and its fault plane dips to the northwest at an angle of about 30
• (Umino et al., 2002) . They suggest that this event was a slip at a deepest portion of the Nagamachi-Rifu fault, assuming that the fault dip decreases with increasing depth. However, it is still unclear how the deep extension of the fault exists. From the foreshocks and aftershocks of the M5.0 event, Hori et al. (1999) found distinct later phases, followed the direct S-wave by 2.5 s, at nearby stations around the epicenter of the M5.0 event. Using travel times of these later phases, they mapped the depth distribution of distinct reflector. It locates beneath the fault plane of the M5.0 event at depths ranging 15-21 km dipping north-northeast with an angle of about 27
• . From spectral amplitude ratios of reflected S-wave to direct S-wave, Umino et al. (2002) reported that S-wave velocity in the reflector is about 1.0 km/s and its thickness is about 100 m. This observation suggests that there exist a thin reflector body partially filled with fluids beneath the Nagamachi-Rifu fault.
Seismic array analysis is one of the most effective techniques to estimate inhomogeneous structures of the earth (e.g., Christopher and Lay, 1989; Revenaugh, 1995; Spudich and Bostwick, 1987) . In particular, ray direction approaching to array would be determined in detail by analyzing seismograms recorded by small aperture array with station sepa- rations of several tens of meters (e.g., Kuwahara et al., 1997; Matsumoto et al., 1998; Wagner, 1998) . The location and tangential plane of a reflector can be estimated by the slowness vector evaluated by the array analysis and the travel time of a reflection phase (e.g., Takenaka, 2000) . In June 2001, a seismic reflection survey using both explosives and vibrators was conducted to reveal the deep structure of the Nagamachi-Rifu fault. The details of the observations are described by Hasegawa et al. (2001) . In this study, array analysis is applied to waveform data from explosives for imaging spatial distribution of seismic scatterers in the crust and inferring the geometry of deep extension of the Nagamachi-Rifu fault.
Observations
We deployed 4 small aperture seismic arrays around the Nagamachi-Rifu fault during the reflection survey. A, B, and C-arrays shown in Fig. 1 were composed of 2 Hz threecomponents seismometers (Mark Products, L22E) with a spacing of 20 m, while D-array was constituted of 10 Hz three-components seismometers (OYO-Geospace, GS-20DM) with a spacing of 40 m. These seismometers were installed two-dimensionally to detect scattered and reflected waves, which may come from various directions. The sampling frequency of recorders was 500 Hz. Waveform data from 15 explosives were recorded by manual triggering. The locations of these explosives are shown by stars in Fig. 1 . Dynamites of 70-130 kg were exploded in borehole at these locations. An example of vertical record section for shot SP3 at A-array is shown in Fig. 2 . The waveform data are processed with a band-pass filter of 5 to 15 Hz. Several coherent phases are recognized after direct P onset.
Analysis

Velocity structure
P-wave travel time curve is determined by using P-wave arrival times recorded at the arrays and those recorded at Hinet (Okada et al., 2000) from 15 explosives, whose epicentral distances are less than 80 km (crosses in Fig. 3 ). Based on the reciprocal method, we determined a three layered P-wave velocity structure of the studied area; 3.4 km/s (depth ≤ 1.3 km), 5.3 km/s (1.3 km ≤ depth ≤ 3.1 km), and 6.0 km/s (3.1 km ≤ depth). A dashed line in Fig. 3 represents a theoretical travel time based on the velocity structure. This structure is used to calculate the travel times of scattered waves in the following analysis.
Method of estimating scatterer distribution
Estimation of scatterer distribution is performed on the assumption that seismic coda waves are composed of single scattering waves. This simple assumption enables us to infer scattering structures deterministically. We also assume that the effect of mode-converted waves from P to S waves is small on vertical component. Thus only P to P scatter is considered in analysis of vertical components.
We used 3-D grid points with a spacing of 1 km in the studied area. To investigate whether a scattered energy is really originated from a particular grid point or not, we conducted semblance analysis (Neidell and Tarner, 1971) . The semblance coefficient at a particular point is related to the magnitude of scattering there. A high semblance coefficient implies effective excitation of scattered waves. The semblance analysis has capability to detect coherent waves even if the seismic signals are small. The semblance coefficient for a grid points X k is
where T PP (i) is the arrival time of P-P scattered waves and given by
where X s , X k , and X i are the coordinates of shot points, grid points, and stations, respectively.
represent the travel times of P-wave from a shot point to a grid point, and those from a grid point to a station. M is the number of stations and f i (t) is the amplitude of waveforms of i-th station at the time t. W denotes the length of time window. This calculation was performed for all set of shotreceiver array combinations except for noisy data. Averaging the semblance coefficients determined by all shot-receiver array combinations, we get P-wave scatterer distribution. Since the present approach only uses P to P scattering, there is a possibility that multiple P to P scatterers are mapped at deeper depths. However the average of the semblance coefficients will reduce the effect of multiple scatterers.
To investigate the resolution of this procedure, we performed a simulation test. We assumed six scatterers shown in Fig. 4(a) at the depth of 10 and 20 km along a line X-Y shown in Fig. 1 . In the same case of shot-receiver array combinations as observed data, synthetic seismograms of scattered P-waves were computed. Scattered P-wave is represented by a sine wave with a frequency of 12.5 Hz. The synthetic seismograms are evaluated with normally distributed random noise with an average of zero and with a standard deviation of ±10% of signals. The length of time window of semblance calculation is 0.2 s. After averaging the semblance coefficient distributions calculated from all shot-receiver array combinations, the scatterers can be imaged correctly for the central portion whose resolution is estimated as to be about a few kilometers (Fig. 4(b) ). This resolution is sufficient to discuss the inhomogeneous structure in the studied area. In the next section, we consider only the portion of the cross section between −10 km and 10 km since the resolution near the edges is not good. The distribution of relatively high semblance coefficients shows a circular arc. This is due to a lack of resolution on an elliptical plane whose focus are a shot and an array, since the arrival times are similar on the elliptical plane. Therefore, we need to pay attention to the circular arc when we interpret the spatial distribution of scatterers. 
P-wave scatterer distribution in and around the Nagamachi-Rifu fault
The waveforms were processed with a band-pass filter of 10 to 15 Hz. We adopted 0.2 s for the length of time window of semblance calculation. The 0.2 s interval can include at least two wavelengths of analyzed seismograms. In order to exclude the effect of direct P-waves, muting of the direct P-waves was applied. Figure 5 shows a vertical cross section across the fault of the M5.0 event whose hypocenter is shown by a star. The peak values of the semblance are smaller than those of the synthetic test. The main reasons are that the velocity structure determined in this study is not always accurate, the waveform shapes among the stations are not completely same because of the effect of surface geology, and the observed seismograms have more contributions from scattered waves than the synthetic seismograms. In this study, we only consider the regions where the semblance values are relatively high and other expected geophysical evidences exist. We find a region with relatively high semblance coefficients at a depth of about 12 km. Nakamura et al. (2002) also found about 7-km-long sub-horizontal reflector at the same location using data recorded at two 10-km-long off-line arrays. This high semblance region may correspond to scatterers situated at a deep extension of the Nagamachi-Rifu fault. We will investigate this possibility in detail in the next section. High semblance coefficients region are also distributed at a depth of about 20 km. It seems that the area coincide with S-wave reflector estimated by Hori et al. (1999) . We also find a region with high semblance coefficients at depths of less than 10 km. Yoshida (2001) suggested that there exist calderas in this region and unexposed plutons exist at middle crustal depth beneath the calderas. These scatterers are probably related to structures of the calderas. Another area having high semblance coefficients is found at a depth of about 35 km. The depth corresponds to Mohorovicic discontinuity that had been reported by Zhao et al. (1990) from seismic tomography investigation. Based on the analysis of receiver functions, Yoshimoto et al. (2001) also identified distinct P-S converted phases which are relevant with S-wave reflector, caldera structure, and Mohorovicic discontinuity.
Deep extension of the Nagamachi-Rifu fault
When a reflection plane exists, the reflection point varies depending on locations of the source and station. Thus stacking of scatterer distributions determined by all shot-receiver array combinations does not always emphasize the image of reflection plane. Therefore, we adopt another approach to image deep extension of the Nagamachi-Rifu fault.
Since we do not have any precise information on the geometry of the deep extension, we assumed a single flat reflector which passes through the hypocenter of the M5.0 event with a same strike as that of the Nagamachi-Rifu fault and a dip angle of 30
• . Then theoretical reflection points for each shot-receiver array combinations are obtained based on a homogeneous velocity structure, and the theoretical travel times of reflection phase (T R ) are also calculated by using the velocity structure obtained in this study. Reflection phases from deep extension can arrive at the time around T R if the deep extension really exists.
For each shot-receiver array waveforms, we made plots of time series of the arrival azimuth, the slowness and the semblance value showing the maximum semblance in each time window at every time intervals of 0.1 s. The frequency range of waveforms and the time window for the semblance computation were same as those of the above section. In order to extract information on the deep extension, we only consider the arrival time from explosives in 1 s before and after the theoretical travel time (T R ). Here the 2 s interval was adopted by considering the difference of travel times between theoretical and observed reflection/scatterer phases. The permissible range of ±1 s means that we search the region with a thickness of 6 km including the assumed extension of the fault. Furthermore we picked up only the arrival azimuth and slowness whose semblance coefficient is greater than the average one in 10 s interval just after 1 s later the P-wave arrival time of the time series. Most of P-P scatterers in the studied area are included in this 10 s interval. By using ray tracing and considering arrival time from the explosives, each arrival azimuth and slowness were converted to their locations of reflection/scatterer points assuming a P-P scatterer (Fig. 6) . Most of reflection/scatterer points are distributed at depths less than 10 km. These points should be considered to be scatterers in the caldera structure. However, it should be also noted that the reflection/scatterer points are clearly concentrated in the deep extension of the fault. As seen in Fig. 6 , the length of the layer is estimated to be at least 10 km. The example of phases coming from the sub-horizontal layer is shown by an arrow in Fig. 2 .
Discussion
P-wave scatterer distribution (Fig. 5) shows that the northwest side of the Nagamachi-Rifu fault is strongly heterogeneous for shallower depth than 10 km. Seismic reflection profile (Hasegawa et al., 2001 ) supports this result. Carrying out a temporal seismic observation composed of 16 high-sensitivity stations, Yoshimoto et al. (2000) investigated microearthquake activity around the Nagamachi-Rifu fault. Hypocentral distributions are shown by crosses in Fig. 5 . The focal depths of these events are located in the range between 3 and 13 km. Regardless of their high sensitivity observation, most of hypocenters are concentrated in the northwest side of the fault. This suggests that heterogeneous structures are related to microearthquake activities.
It has been reported that sub-horizontal detachment exists in the deep extension of active faults (e.g., Ikeda, 1992; Ito, 1994) . Inferred from the crustal strain data, Iio (1996) and Komatsubara and Awata (2001) revealed that aseismic slip on the detachment fault is a possible generating process of the 1995 southern Hyogo prefecture earthquake (M7.2) and 1970 southeastern Akita prefecture earthquake (M6.2), respectively. In the present study, we detected a sub-horizontal layer such as detachment fault at the base of the seismogenic zone. There is a possibility that aseismic slip was concentrated in this sub-horizontal layer and the occurrence of the M5.0 event is related with the nucleation process of a future large earthquake.
A continuous GPS observation is one of the most direct methods to estimate an aseismic slip on the deep extension of the fault. In order to observe a localized deformation around the Nagamachi-Rifu fault, a dense GPS array around it was constructed (Sagiya et al., 2001) . Analyzing these data, Nishimura et al. (2001) found that the localized zone with high compressive strain-rate area can be located on the assumed deep extension of the fault. As a cause of the localized compression, they suggested quasi-static sliding on the deep extension of the fault. In order to reveal deformation processes at depths which will lead to a future large earthquake, we need to monitor slow slip on the deep extension of the fault with the dense GPS array observations.
Conclusion
We carried out small aperture seismic array observations around the Nagamachi-Rifu fault to image detail crustal structure. Array analysis was applied to waveform data from 15 explosives. We assumed 3-D grid points with a spacing of 1 km in a studied area. After band-pass filtering in a frequency range from 10 to 15 Hz, semblance coefficients were calculated at each grid points. We interpreted that a high semblance coefficient represents effective excitation of scattered waves. The obtained P-wave scatterer distribution correlates in space with microearthquake activities and heterogeneous structures such as S-wave reflectors, a structure of caldera, and Mohorovicic discontinuity. In order to image the geometry of the deep extension of the fault, we used ray tracing to convert slowness vectors to their reflection or scatterer points. Estimated image shows that a sub-horizontal layer with a length of about 10 km exists in the deep exten-sion of the Nagamachi-Rifu fault at the base of the seismogenic zone in a depth of 12-15 km.
